Background: ACY-1215 is a well-known selective histone deacetylase 6 (HDAC6) inhibitor, and it has been considered as a potential therapeutic drug in inflammatory diseases, including acute liver failure (ALF). However, little is known about the impact of ACY-1215 treatment on histone lysine acetylation and proteome in ALF. In this study, we aim to investigate whether ACY-1215 has inhibitory effects and mechanism on the necrosis of hepatocytes; moreover, the impact of ACY-1215 treatment on histone lysine acetylation still needs further elucidation.
INTRODUCTION
Acute liver failure (ALF) is a severe clinical syndrome with significant mortality, which is caused by rapid and extensive necrosis of hepatocytes and loss of hepatocyte function (Zhang et al., 2018c; Rabinowich et al., 2016) . Liver transplantation is still the most effective treatment at present, but this application is limited by donor numbers, post-operative complications, and rejection of allogeneic transplants (Jiang et al., 2019; Wang et al., 2019) . Therefore, new and effective therapies are urgent needed for ALF.
Lipopolysaccharide (LPS) and d-galactosamine (d-GalN) are commonly used as the experimental ALF animal model which can precisely reflect human liver failure (Kim and Lee, 2013) . Endotoxemia and hepatic toxic substances play important roles in the occurrence and development of liver failure, and in LPS/ d-GalN-induced ALF model, d-GalN plays a hepatotoxic role, whereas LPS-induced inflammatory response can also aggravate the injury of hepatocytes and further aggravate liver failure (Zong et al., 2014; Bi et al., 2017) .
Our previous studies have shown that broad-spectrum histone deacetylase inhibitors (HDACi) had a protective effect on many diseases, including ALF, acute-on-chronic liver failure, and acute kidney injury (Zhang et al., 2015; Zhang et al., 2016; Zhang et al., 2018a) . However, nonselective HDAC inhibition may lead to potentially toxic and side effects due to the extensive acetylation of intracellular molecules. Therefore, selective HDACis may be safer and have lower side effects than nonselective HDACis (Prince et al., 2009; Cheng et al., 2019) .
Our previous study had reported that the pretreatment of ACY-1215, a leading HDAC6 inhibitor, had a significant inhibitory effect on inflammatory responses in ALF mice (Zhang et al., 2018b) . However, the effect and underlying mechanisms of ACY-1215 in the necrosis of hepatocytes remains unclear, and the impact of ACY-1215 treatment on histone lysine acetylation and proteome still need further elucidation. So, in the present study, we performed quantitative whole proteome analysis and histone lysine acetylation profile in ALF mice with ACY-1215 pretreatment, which may deepen our understanding of ACY-1215-dependent ALF therapy.
MATERIALS AND METHODS

Animals and Animal Models
All animal experiments were performed in accordance with the institutional guidelines of the Animal Care and Use Committee of Renmin Hospital of Wuhan University and the Guide for the Care of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) . Adult-specific pathogen-free (SPF) male C57BL/6 mice (8-10 weeks old, 18-22 g) were purchased from the Laboratory Animal Science, Chinese Academy of Medical Sciences (CAMS) & Peking Union Medical College (PUMC) (Beijing, China). All animals were allowed to acclimatize to the laboratory environment for 7 days. Forty-five mice were randomly divided into normal group (15 mice), model group (15 mice), and ACY-1215 group (15 mice). The ALF models were induced by intraperitoneal injection of LPS (100 μg/kg, L2880; Sigma) and D-gal (400 mg/kg, G0050; Sigma) as described previously (Zhang et al., 2016) . High dose of ACY-1215 (25 mg/kg, S8001, Selleck) were given to the ACY-1215 group 2 h before ALF. Meanwhile, the mice in normal group and model group received the same volume of normal saline. All animals were sacrificed in 24 h.
Histological Examination
The livers were excised, washed with phosphate buffer saline (PBS) and fixed overnight by the 10% formalin. Then, the liver tissues were embedded in paraffin, cut into 4-to 5-μm-thick slide sections. Hematoxylin & eosin (HE) staining were for histological analysis, and the pathological changes were evaluated under light microscope. Terminal deoxynucleotidyl transferase (TdT)-mediated 2'-Deoxyuridine 5'-Triphosphate (dUTP) Nick-End Labeling (TUNEL) were used to observe the necrosis of hepatocytes.
Glutamic Oxaloacetic Transaminase/ Glutamate Pyruvic Transaminase Measurement
To collect the supernatant, all liver tissue was homogenized with homogenizer, then all samples were centrifuged at 2,500g for 10 min at 4°C. According to the manufacturer's protocols, we used enzymatic analysis kit (C009-2 and C010-2; Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) to test the activities of glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT).
Quantitative Proteomic Analysis
In this project, a series of frontier technologies, such as tandem mass tag (TMT) labeling, high-performance liquid chromatography (HPLC), mass spectrometry-based quantitative proteomics (MS-based quantitative proteomics), and affinity enrichment of histone lysine acetylated peptides were organically combined to study the quantitative proteomics of mouse liver (Figure 1 ).
Protein-Protein Interaction Network
All differentially expressed protein name identifiers of Model group (M) vs Normal group (N) or ACY-1215 group (A) vs Model group (M) group were searched against the STRING database version 10.5 for protein-protein interactions. Only interactions between the proteins belonging to the searched data set were selected, thereby excluding external candidates. STRING defines a metric called "confidence score" to define interaction confidence. We fetched all interactions that had a confidence score ≥ 0.9 (highest confidence). Interaction network form STRING was visualized in Cytoscape. A graph theoretical clustering algorithm, molecular complex detection (MCODE) , was utilized to analyze densely connected regions. MCODE is part of the plug-in tool kit of the network analysis and visualization software Cytoscape.
Transmission Electron Microscopy
The cells were fixed in 2.5% glutaraldehyde, embedded in epoxy resin, sliced into ultrathin sections (60 nm thicknesses), and stained with 2% uranyl acetate and Reynolds lead citrate. The sections were examined under a HITACHI HT7700 TEM by an electron microscopy specialist from the Department of Ultrastructural Pathology Center, Renmin Hospital of Wuhan University.
The Detection of Reactive Oxygen Species
The production of ROS was assessed in liver tissues by using the oxidant-sensitive probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA). To summarize, the liver tissues were harvested after the animals were executed and washed with PBS. The frozen sections of liver tissues were stained with DCFH-DA, and the fluorescence of DCF was observed with a fluorescence microscope.
Western Blotting
All protein samples were extracted from liver tissues in this study, and the samples have been measured by using the bradford protein assays (BCA)-Kit (Thermo, 23227). Fifty milligrams of protein samples was used for sodium dodecyl sulfate (SDS) / polyacrylamide gel electrophoresis (PAGE), and then transferred onto a polyvinylidene difluoride membrane (Millipore, IPFL00010). After blocking with 5% non-fat milk for 1 h, the membranes were incubated overnight at 4°C with the following primary antibodies: Bcl-2 (ab182858), Bax (ab32503) (Abcam, Cambridge, MA, USA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (AB-P-R 001) (Hangzhou Goodhere Biotechnology Co., Ltd, Hanzhou, Zhejiang, China); H2AK5-ac (PTM-106), H2AK9-ac (PTM-125), H2A (PTM-1008), H2BK11-ac (PTM-130), H2BK24-ac (PTM-126), and H2B (PTM-1007) (PTMBiolabs, Inc. Hanzhou, Zhejiang, China). After incubation with secondary antibodies, the specific bands were visualized by an electrochemiluminescence (ECL) detection system.
Statistical Analysis
Data are expressed as mean ± SD. Differences among groups were determined by two-way ANOVA followed by a post hoc Tukey test. Comparisons between two groups were performed by using an unpaired Student's t test. All data were analyzed by statistical product and service solutions (SPSS) 17.0 and P < 0.05 was considered to be statistically significant.
RESULTS
ACY-1215 Suppressed Necrosis of Hepatocytes and the Improved the Impaired Liver Function in Acute Liver Failure Mice
Compared with the normal group, the normal structure was ruined, and massive necrosis could be observed in ALF group. However, pretreatment with ACY-1215 could remission the cellular necrosis and the hepatic cells redistributed in a radial pattern, which were confirmed by HE staining (Figure 2A) . Moreover, the result of TUNEL staining demonstrated that the necrosis of hepatocytes in ALF mice was suppressed by ACY-1215 ( Figure 2B ). The levels of GOT and GPT were used to value liver function. The levels of ALT and AST were normalized by treatment with ACY-1215 compared with the ALF mice ( Figure 2C and D), which indicated that the impaired liver function was improved.
Impacts of ACY-1215 Treatment on Global Proteome Level in Acute Liver Failure Mice
In this project, 4,571 proteins were identified; of which 4,055 have quantitative information. With the threshold change fold >1.5, ACY-1215 treatment induced 1,062 differentially expressed proteins (470 up-regulated and 592 down-regulated). To reveal the nature of the differentially expressed proteins upon ACY-1215 treatment, the gene ontology (GO) enrichment-based clustering analysis was carried out. The clustering results of biological process, the cellular component, the molecular function, the KEGG pathway, and the protein domain were shown in Figure 3A -E.
For the cellular component analysis ( Figure 3B ), we found that the levels of organelle inner membrane, mitochondrial inner membrane, and mitochondrial protein complex could be normalized by the pretreatment of ACY-1215 in ALF mice, that indicates ACY-1215 may possess a protective role by affecting mitochondrial function. From KEGG pathway (Figure 3D ), we found that the level of oxidative phosphorylation in ALF mice was increased when compared with normal mice, and pretreatment of ACY-1215 could normalize this trend.
Protein-Protein Interaction Analysis Reveals the Impacts of ACY-1215 Treatment in Oxidative Phosphorylation in Acute Liver Failure Mice
From Figure 4A and B, we found that nearly 35% (162 of the 470) up-regulated proteins were located on mitochondria, and there were only 31 of the 592 down-regulated proteins located on mitochondria (Figure 4C-D) . With the result of Figure 3B and D, we then conducted the protein-protein interaction network analyses for the different expressed oxidative phosphorylation proteins upon ALF ( Figure 4E ) and ACY-1215-treated mice ( Figure 4F) . The protein-protein interaction network analyses showed that ACY-1215 could normalize the function of electron transport chain, mainly complex I in ALF mice.
The Effects of ACY-1215 on the Mitochondria-Dependent Reactive Oxygen Species of Apoptosis
As shown in Figure 5A , compared with the normal group, the ultrastructure of mitochondria in ALF mice were vacuolated and swollen when stimulated with LPS and D-Gal. However, the ultrastructure of mitochondria was significantly improved when the ALF mice were pretreated by ACY-1215. Similarly, treatment of cells with ACY-1215 significantly inhibited ROS generation induced in ALF mice ( Figure 5B) . Moreover, compared with the model group, ACY-1215 could normalize the protein expression levels of Bax and Bcl-2 ( Figure 5C and D) .
ACY-1215 Treatment Differentially Changed the Lysine Acetylation Level in Histones
The sequences of identified lysine acetylated peptides in core histones and all the corresponding quantitative Kac profiles in response to ACY-1215 treatment were summarized in Table 1 . The results showed that 94 Kac sites were identified from histones including various histone isoforms, among which 82 sites were quantified (73 sites in Histone 2-4). To reveal that the quantifiable histone lysine acetylation level was really due to ACY-1215 impacts but not histone expression changes, the quantifiable histone acetylation peptides were further normalized according to the quantifiable core histones expression. As indicated, the acetylation level in some sites were significantly increased in response to ACY-1215 treatment, such as H2A.JK6ac, H2A. JK10ac, H2B type 1-AK12ac, and H2B type 1-AK25ac. The acetylation level in some sites showed little changes, including H4K6ac, H4K9ac, and H4K13ac; unexpectedly, we even observed that the acetylation level in some sites were markedly decreased toward ACY-1215 treatment, including H4K80ac and H3.3K57ac.
To further validate the different histone acetylation profiles in response to ACY-1215 treatment revealed by quantitative proteomics analysis, we next performed Western blot analysis with some histone lysine acetylation sequence-specific antibodies. The first amino acid of all proteins is methionine (Met), and when naming the sites of antibody, the Met is usually excluded, that is why the number of sites in antibody are usually less 1 when compared with the sites in the analysis of quantifiable histone acetylation peptides. Because of the similarity of protein subtypes, the antibodies cannot be distinguished the subtypes. We selected several sites with Model group (M)/Normal group (N) Ratio<0.66 and ACY-1215 group (A)/Model group (M) Ratio >1.5 and used antibody H2AK5-ac, H2AK9-ac, H2BK11-ac, and H2BK24-ac to verify the acetylation level of the sites. Consistent with quantitative results summarized in Table 1 , ACY-1215 treatment significantly increased the acetylation level in H2AK5-ac, H2AK9-ac ( Figure  6A ), H2BK11-ac, and H2BK24-ac ( Figure 6B) . Further studies may focus on those markedly altered lysine acetylated sites in core histones to explore the novel epigenetic mechanism of ACY-1215-mediated ALF therapy.
DISCUSSION
ALF is a severe clinical syndrome characterized by massive necrosis and inflammation, and there is no effective treatment except liver transplantation for this disease with high mortality (Canbay et al., 2011) . Therefore, it is urgent to find new therapeutic drugs and therapeutic targets for ALF. Based on homology to yeast proteins, the 11 zinc-dependent HDACs in humans have been classified as: class I, HDACs 1, 2, 3, and 8; class IIa includes HDACs 4, 5, 7 and 9; class IIb includes HDACs 6 and 10; and class IV HDAC11 (Marks and Xu, 2009) . Compared with other zincdependent HDACs, HDAC6 is a structurally and functionally unique and exerts its activity by selectively deacetylating multiple target molecules (Namdar et al., 2010; Li et al., 2013) . The aberrant expression of HDAC6 may implicate in the progression of various pathological disorders, including inflammatory diseases (Tang et al., 2018) . In this study, the hepatic necrosis in ALF models was induced by LPS and D-galN. The results showed that compared FIGURE 6 | ACY-1215 treatment changed the histone lysine acetylation profiling. The extracted core histones was subject to SDS/PAGE followed by western blotting analysis to exam core histone site-specific lysine acetylation changes in H2A (A) and H2B (B) using indicated histone site-specific lysine acetylation antibodies.
with the ALF mice, treatment of ACY-1215 had protective effect in liver structure, liver function, and necrosis of hepatocytes. Previous studies have shown the protective effect of ACY-1215 in some inflammatory diseases, including ALF (Tang et al., 2018; Zhang et al., 2018b; Cheng et al., 2019) , but the proteomic studies of the therapeutically role of ACY-1215 in ALF were still rare. In the present study, we found that with the threshold change fold >1.5, ACY-1215 treatment induced 1062 differentially expressed proteins (470 up-regulated and 592 down-regulated). Compared with the model group, nearly 35% (162 of the 470) up-regulated proteins were located on mitochondria, however, and there were only 31 of the 592 down-regulated proteins located on mitochondria. As shown in the cellular component category, the mitochondrial inner membrane and mitochondrial protein complex in ALF mice were significantly decreased, and ACY-1215 treatment could reverse that trend. Moreover, as Figure 3E has shown, we can see that pretreatment of ACY-1215 could normalize the oxidative phosphorylation in ALF mice, and protein-protein interaction network analyses showed that mainly by normalizing the activity of mitochondrial electron transport chain complex I. Complex I is critical for ROS production by the respiratory chain, and under conditions of inhibition of respiratory complex I, it can generate significant amounts of ROS (Babot et al., 2014; Sumegi et al., 2017) . And excess production of ROS can induce cell death by oxidative damaging (Nishi et al., 2017) . As a first-in-class selective HDAC6 inhibitor, ACY-1215 has been reported to have the effect to regulate cell apoptosis in tumor (Santo et al., 2012; Cao et al., 2018; Wang et al., 2018) . However, there are still rare studies of the effect and mechanism of HDAC6 inhibitor in the necrosis of hepatocytes in ALF. The results of detection of ROS and TEM showed that ACY-1215 could not only normalize the ultrastructure of mitochondria but also decrease the generation of ROS in ALF mice. The protein expression levels of Bax and Bcl-2 were normalized by ACY-1215, which reflected that ACY-1215 treatment could alleviate necrosis of hepatocytes. All results suggested that inhibition of HDAC6 activity by using ACY-1215 could suppress the necrosis of hepatocytes in ALF mice by inhibiting the production of mitochondria-dependent ROS.
Previous studies have reported that HDAC6 could selectively deacetylate non-histone proteins, such as tubulin, HSP90, cortactin, and peroxiredoxin (Parmigiani et al., 2008; Youn et al., 2016; Messaoudi et al., 2017) . However, there are still limited studies about sequences of identified lysine acetylated peptides in core histones in response to ACY-1215 treatment. In our study, 94 Kac sites were identified from histones, including various histone isoforms, among which 82 sites were quantified (73 sites in Histone2-4). As indicated, the acetylation level in some sites was significantly increased in response to ACY-1215 treatment. Furthermore, we next performed Western blot analysis with histone lysine acetylation sequencespecific antibodies, the results showed that the acetylation level of sites in Histone2-4 were quite consistent with the result revealed by mass spectrometer analysis. Further studies may focus on those markedly altered lysine acetylated sites in core histones, particularly those increased lysine acetylated sites, to explore the novel epigenetic mechanism of ACY-1215-mediated ALF therapy.
In conclusion, a high dose of ACY-1215 could ameliorate the necrosis of hepatocytes, and the mechanism may be related to the inhibition of mitochondria-dependent ROS of apoptosis. Taking the advantages of quantitative proteomic analysis, important biological processes and functions related with ACY-1215 were revealed, the lysine-acetylated peptides in core histones were identified. These results therefore expand our current understanding of the underlying mechanism of ACY-1215 roles as HDAC6 inhibitor and how ACY-1215 functions in ALF therapy.
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